Traumatically injured central nervous system (CNS) forms a hostile environment to axon regeneration and repair via cell and tissue destruction caused by the initial insult, followed by a cascade of secondary pathophysiological events including the increased expression of certain axon growth-repulsive chondroitin sulphate proteoglycans during scarring, the presence of myelin debris and the formation of cystic cavitation [1] [2] [3] .
INTRODUCTION
Traumatically injured central nervous system (CNS) forms a hostile environment to axon regeneration and repair via cell and tissue destruction caused by the initial insult, followed by a cascade of secondary pathophysiological events including the increased expression of certain axon growth-repulsive chondroitin sulphate proteoglycans during scarring, the presence of myelin debris and the formation of cystic cavitation [1] [2] [3] .
Many studies have shown that CNS axon regeneration can take place after traumatic injury provided that an appropriate growth-promoting substrate has been implanted into the lesion site [4] . Cell transplantation-based repair strategies have demonstrated the implantation of donor cells to be an effective means for importing growth promoting factors/substrates into lesioned tissues. A number of cell types, including neural and non-neural stem cells, neural progenitors, Schwann cells (SC), astrocytes, oligodendrocytes, olfactory ensheathing cells (OECs) and activated macrophages have, so far, been investigated in experimen- The implantation of bioengineered scaffolds into lesion-induced gaps of the spinal cord is a promising strategy for promoting functional tissue repair because it can be combined with other intervention strategies. Our previous investigations showed that functional improvement following the implantation of a longitudinally microstructured collagen scaffold into unilateral mid-cervical spinal cord resection injuries of adult Lewis rats was associated with only poor axon regeneration within the scaffold. In an attempt to improve graft-host integration as well as functional recovery, scaffolds were seeded with highly enriched populations of syngeneic, olfactory bulb-derived ensheathing cells (OECs) prior to implantation into the same lesion model. Regenerating neurofilament-positive axons closely followed the trajectory of the donor OECs, as well as that of the migrating host cells within the scaffold. However, there was only a trend for increased numbers of regenerating axons above that supported by non-seeded scaffolds or in the untreated lesions. Nonetheless, significant functional recovery in skilled forelimb motor function was observed following the implantation of both seeded and non-seeded scaffolds which could not be correlated to the extent of axon regeneration within the scaffold. Mechanisms other than simple bridging of axon regeneration across the lesion must be responsible for the improved motor function.
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Functional Recovery Not Correlated with Axon Regeneration through Olfactory Ensheathing CellSeeded Scaffolds in a Model of Acute Spinal Cord Injury tal models of spinal cord injury (SCI) [5] . The mechanism(s) of action of the donor cells have been reported to include the local release of molecules or exosomes that provide a cell-and growth-supportive environment, the replacement of lost or damaged cells and the filling or bridging of lesion-induced cystic cavitations (for recent review see Wu et al. [6] ). Several of these cell transplantation strategies have shown great promise and already reached clinical trials. One of the most promising cells for transplantation appears to be the OECs [7, 8] . Donor OECs share phenotypic similarities to both SC and astrocytes and provide a permissive substrate for regenerative axon growth. Comparative studies have shown that OECs, harvested from the olfactory bulb, induce greater tissue repair than that observed with nasal mucosa-derived OECs [9] . The use of these cells in experimental spinal cord regeneration has been extensively reviewed [10] . It is acknowledged that the most effective future treatments for SCI are likely to involve a combination of strategies [11] . Recently, as part of a combined strategy, bulbar OECs were autografted into the spinal cord of a patient several years after an almost anatomically complete transection injury that occurred during a knife attack [12] . Donor OECs formed part of a combined strategy in which the scar tissue at the rostral and caudal edges of the injury were surgically removed and the large lesion cavity was bridged with multiple, 8 cm long grafts of sural nerve. Moreover, intravenous methylprednisolone treatment (in a bolus of 30 mg/kg over 15 to 30 minutes during surgery plus a continuous infusion of 5.4 mg/kg/h over 23 hours) and intensive physiotherapy were applied. Over a period of 2 years post intervention, the patient demonstrated significant improvement, shifting from ASIA A to ASIA C, with increased trunk stability and abdominal motor evoked potentials, an unilateral increase in leg muscle mass as well as improved autonomic functions [12] . Bridging lesion sites with autografted sural nerve inevitably requires extra surgical procedures to generate limited amounts of the donor nerve, and produces donor site morbidity. However, the development of bioengineered nerve guides as alternatives to autografted peripheral nerve may provide an "off the shelf " resource that avoids the need for additional surgical procedures [13, 14] . Of the wide variety of polymers (natural and synthetic) that have been used in the development and design of such bioengineered scaffolds, collagen has proven to be particularly versatile [14] .
We have previously demonstrated that the implantation of a naïve, non-cell seeded type-I collagen scaffold into unilateral resection injuries of the adult rat cervical spinal cord supported improved motor function (food pellet retrieval) of the affected forelimb. However, this was not associated with any significant axon regeneration through the porous framework of the scaffold; in fact, many re-growing axons appeared to regenerate along a newly formed lateral tissue bridge around the scaffold [15] . In the present investigation, syngeneic OECs were seeded onto the collagen scaffolds prior to implantation to test the hypothesis that the OEC-seeded scaffolds would promote greater implant-host regenerative axon integration and enhance functional recovery.
MATERIALS AND METHODS

Experimental animals
The experiments were performed on adult female Lewis rats (weight 180-200 g, Charles River Laboratories GmbH, Sulzfeld, Germany). Animal care and experimental procedures were carried out in accordance with the guidelines of the German animal protection statute and were approved by the German governmental ethical committee (Bezirksregierung Köln, Aktenzeichen: 50.203.2-AC 23, 21/00). In all cases, every attempt was made to minimise the number of animals used in the investigations as well as any pain or discomfort. Animals were housed under temperature controlled conditions in a 12:12 h light/dark cycle and ad libitum access to water. A diet restriction protocol (12 g food/rat/day) was imposed during the pre-operative period of staircase training (see below) and throughout the study.
Pre-operative behavioural testing
Animals were trained to retrieve food pellets from the Perspex Montoya staircase device (Camden Instruments, London, UK) as described previously [16] . The staircase device is a cost effective and sensitive behavioural forelimb function test that has been validated for use in experimental models of unilateral stroke injury or unilateral traumatic cervical SCIs involving the rubrospinal tract [15] [16] [17] [18] . Briefly, animals were trained for a minimum of 3 times per week (15 minutes each) for up to 6 weeks before surgery in order to obtain stable baseline data [15] . During these sessions, rats were required to retrieve 4 mg food pellets (Lohmann Research Equipment, Castrop-Rauxel, Germany), 4 of which were placed in each stairwell of the device. At the end of this long training period most animals were capable of retrieving between 15-18 pellets within the 15 minute test period.
Cell culture and OEC-seeding of collagen scaffold
Primary cultures of adult rat OECs were obtained from dissociated olfactory bulb. OECs expressing low affinity nerve growth factor receptor (p75/NGFr) were enriched using a magnetic cell sorting system (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany). The procedures of cell separation and tissue culture have been described previously [19] . Briefly, OECs were incubated in polyclonal rabbit anti-p75/NGFr antibody (1:1000, Merch Chemicals GmbH, Darmstadt, Germany) for 10 minutes at 4°C prior to passing through the magnetic separation column. After separation, positively selected cells were incubated in growth factor containing medium. A 2 mm diameter hemi-cylinder of collagen scaffold (Matricel GmbH, Herzogenrath, Germany), approximately 5 mm long was then seeded with OECs by incubation in an excess volume of cell suspension (40000 cells/µL) as previously described [19] . Almost all the cell suspension was then rapidly drawn into the microporous framework of the hydrophilic collagen scaffold. Since the spinal cord lateral funiculotomies were approximately 2 mm in length, it is estimated that appropriately sized implantable scaffolds contained approximately 500000 OECs.
Surgical procedure
A sub-cutaneous injection with buprenorphine (Temgesic 0.1 mg/kg body weight; Schering-Plough, Utrecht, The Netherlands) was administered to all animals 30-60 minutes prior to surgery. Anaesthesia was induced by inhalation of a 4-5% mixture of isoflurane in air, and maintained at 2% isoflurane using a U-400 anaesthesia unit (Agntho's, Lidingö, Sweden). Drying of the eyes was prevented by applying a small amount of ophthalmic ointment prior to surgery. The neck and shoulders of the rats were shaved and disinfected before making a midline incision of the skin. The dorsal surfaces of the C3-4 vertebrae were exposed by blunt dissection of the overlying muscles. Thereafter, a hemi-laminectomy was performed to expose the underlying spinal cord. A small window in the dura was opened and a 2 mm long left-sided lateral funiculotomy was performed using micro-scissors. Completeness of the lateral funiculotomy was verified microscopically following aspiration of the lesion site. Care was taken to prevent damage to major blood vessels. After establishing haemostasis, the lesion site was either left untreated or filled with appropriately shaped pieces of non-seeded, or OEC-seeded collagen scaffolds in a manner that the orientated pores followed the rostral/caudal axis of the spinal cord (Fig. 1A ). The dural window was then closed using 10/0 sutures (Ethicon Inc., Somerville, NJ, USA), the overlying muscles closed in layers and the skin sutured with 4/0 suture (Prolene ® , Ethicon Inc., Somerville, NJ, USA). Animals were divided into 3 groups: 1) those receiving no implant (control group) (n=13), 2) those receiving a nonseeded, longitudinally microstructured collagen scaffold (n=13), and 3) those receiving the OEC-seeded collagen scaffold (n=15). Due to insufficient behavioural task learning, surgical complications or inappropriate paw deficits, the final animal numbers used in the behavioural investigation were group 1=5, group 2=7, and group 3=12. Food pellet retrieval tests for 
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OECs Collagen scaffold the left forelimb (ipsi-lateral to the spinal cord lesion) were obtained at 3, 6, 9, and 12 weeks post-surgery (wps).
Anterograde tracing of the rubrospinal tract
Anterograde tracing of the rubrospinal tract was performed in 3 rats at 12 wps following stereotaxic microinjection of biotin dextran amine (BDA, MW=10 kDa, Thermo Fisher Scientific GmbH, Dreieich, Germany) by a similar method to that was described earlier [20, 21] . Briefly, under deep anaesthesia, the animal was placed into a stereotaxic apparatus. The skin over the skull was incised longitudinally and reflected to expose the surface of the skull. A burr hole was drilled in the skull and a glass pipette was lowered into the brain following stereotaxic co-ordinates determined from the Paxinos Sterotaxic Atlas of the rat brain (6.04 mm posterior to bregma, 0.75 mm lateral to the midline, 7.0 mm deep from the surface of the brain). Approximately 250 nL of BDA was slowly injected into the region of the red nucleus of the right hemisphere using a solenoid-controlled, intermittent air pressure system [22] . The glass pipette was kept in place for further 10 minutes to prevent reflux of the BDA on withdrawal of the pipette. The skin was sutured and the animal was allowed to survive for a further 2 weeks. Animals receiving such treatment were closed monitored and showed no signs of pain, discomfort or altered behaviour during the subsequent 2 weeks.
Tissue processing and double immunofluorescence
After a survival time of 12 weeks, animals were sacrificed by intraperitoneal overdose of sodium pentobarbital (150 mg/kg body weight) and were transcardially perfused with 100 mL saline followed by 300 mL paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS, pH 7.4). The spinal cord was carefully dissected, removed from the spinal canal, and postfixed for up to 24 h in 4% PFA. Samples were then cryoprotected (30% sucrose in 0.1 M PBS) for at least three days at 4°C. Segments of spinal cord (1 cm long), centred around the lesion site, were snap-frozen using powdered dry-ice and horizontal cryosections (30 µm thick) were prepared (in one case of the OECseeded scaffold, transverse sections were prepared). Serial sections were mounted onto adjacent SuperFrost-Plus slides (such that sections on the same slide were obtained from tissue 300 µm apart) and stored at -80°C for later immunohistochemical processing.
A detailed description of the immunohistochemical procedure has been published elsewhere [15] . Briefly, sections were incubated overnight at room temperature with the following primary antibodies: monoclonal anti-growth-associated-protein-43 (GAP-43, 1:2500, Chemicon, Darmstadt, Germany), monoclonal anti-microtubule-associated-protein 2 (MAP2a/b, 1:1000, Sigma-Aldrich, Taufkirchen, Germany), monoclonal anti-myelin protein zero (P0) (a generous gift from Prof. J. Archelos, Department of Neurology, Medical University of Graz, Austria), monoclonal anti-p75/NGFr (p75, 1:5000, Merck Chemicals GmbH, Darmstadt, Germany), monoclonal antiphosphorylated neurofilament 200 kDa (NF200, Clone NE14, 1:5000, Sigma-Aldrich, Taufkirchen, Germany), polyclonal anti-GAP-43 (1:2500, Merck Chemicals GmbH, Darmstadt, Germany) and polyclonal anti-glial fibrillary acidic protein (GFAP, 1:2000, DAKO GmbH, Hamburg, Germany). The next day, sections were washed and incubated in fluorochromeconjugated secondary antibodies: Alexa 488-conjugated goat anti-rabbit IgG and Alexa-594 conjugated goat anti-mouse IgG (1:500, Thermo Fisher Scientific GmbH, Dreieich, Germany) for 2 h at room temperature. Sections were counterstained with the nuclear marker 4' ,6-diamidino-2-phenylindole (DAPI, 1 μg/mL, Invitrogen GmbH, Karlsruhe, Germany), coverslipped using Fluoprep media (Bio Mérieux GmbH, Nurtingen, Germany). Transverse sections stained for NF200 were processed for peroxidise immunohistochemistry: sections were incubated in biotinylated horse-anti mouse secondary antibody (1:500, BIOZOL Diagnostica Vertrieb GmbH, Eching, Germany) for 1 h at room temperature, followed by the Vector ABC procedure for peroxidase staining and visualisation with 3,3'-diaminobenzidine. The sections were counterstained with 0.02% thionin, dehydrated and coverslipped using DPX.
To reveal the anterograde BDA tracing, sections of rat spinal cord were permeabilized in PBS containing 1% triton X-100 and then incubated with Alexa 488-conjugated streptavidin (1:500, Thermo Fisher Scientific GmbH, Dreieich, Germany) for 4 h, counterstained with DAPI, washed three times in PBS, cover-slipped. Immunohistochemical stains were observed using a Zeiss Axioplan Carl Zeiss Microscopy GmbH, München, Germany epi-fluorescence microscope connected to a Zeiss AxioVision CCD Carl Zeiss Microscopy GmbH, München, Germany camera. Images were processed and stored using the Zeiss AxioVision 3.1 Carl Zeiss Microscopy GmbH, München, Germany software.
Quantification of NF200-and GAP-43-positive profiles, semi-quantitative analysis of reactive gliosis
Three equally spaced sections per spinal cord (i.e., from dorsal, middle, and ventral regions of the lesion/implant) were examined for morphometric analysis. The number of NF200-positive profiles and GAP-43-positive profiles that crossed a virtual line 150 µm from the rostral and caudal edges of the lesion/implant as well as in the middle of lesion/implant were counted. Any profiles that stopped before passing the virtual lines were not counted. A semi-quantitative analysis of GFAP immuno-reactivity at the implant/lesion-host interface was performed as described previously [15] . ImageJ ® (Image Processing and Analysis in Java) was used to determine the percentage of the photographic fields of interest that were occupied by GFAP-immunoreactive astroglia (as an indicator of reactive astrogliosis).
Statistical analyses
Forelimb function tests were analysed and presented in graphical form using Graph Pad Prism, version 4 (San Diego, CA, USA). To evaluate the presence of any right-or left forelimb preference during training, a paired Student's t-test was used. Furthermore, at 5 specific time-points (i.e., pre-operative baseline, 3 wps, 6 wps, 9 wps, and 12 wps), an unpaired Mann Whitney U test was used to determine any statistical differences of medians in the left forelimb function between the groups. Comparisons within a group between different time-points were assessed by using a paired Wilcoxon signed rank test. The quantification of NF200-positive axons, and GAP-43-positive profiles (as well as the GFAP-positive reactive gliosis) was also presented in graphical form and the calculated medians compared using an unpaired Mann Whitney U test to determine any statistical differences between different groups. Behavioural data presented are mean±standard error of the mean (Fig. 10) . All graphical data of the morphological analyses presented are medians with their lower and upper quartiles (Fig. 9) . A p-value of 0.05 or less was considered as statistically significant.
RESULTS
Morphological findings
To demonstrate the extent of the unilateral funiculotomy and the quality of scaffold implantation, 1 rat from the naïve, non-seeded scaffold group was given terminal anaesthesia and perfused 4 wps. Transverse cryostat sections through the midportion of the implant demonstrated intimate contact between the implant and host tissues. Immunoperoxidase staining for NF200 revealed a clear implant-host interface with just occasional, moderate signs of cystic cavitation formation. The resection injury had completely removed the lateral white matter tracts as well as some lateral grey matter extending from the dorsal horn to the ventral horn (Fig. 1B) . The dorsal funiculus and the majority of the ventral funiculus remained intact. The implanted scaffold was clearly still held in place by the surrounding dura mater and was filled with thionin stained host cells and had already been penetrated by a small number of regenerating axons.
Perfusion of the tissues at 12 wps showed that, in lesion-only animals, the lesion site had generally become filled with scar tissues. The border of the lesion was highlighted by intensely GFAP-immunoreactive astrocytes, many of which extended processes for a short distance into the injury site giving the lesion-host interface a ragged appearance (Fig. 2A) . The epicentre of the lesion contained many host cells (asterisk, Fig. 2 ) but remained free of reactive astroglial process as well as host neuronal MAP2-positive profiles (Fig. 2B) . 
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In animals receiving the cell-seeded or naïve scaffolds, GFAPpositive host astrocytic processes were present at the implanthost interface, many of which penetrated the implant for a short distance ( Fig. 3A and E for cell-seeded scaffold and also Fig. 6B for the naïve scaffold). However, quantification revealed that both scaffold implantation groups induced a reduction in astrogliosis at the implant-host interface when compared to the edge of the lesion only group (p<0.05 and p<0.01 respectively) (Fig. 9C) . Furthermore, in contrast to lesion-only animals, MAP-2-positive host neuronal profiles could be seen crossing the implant-host interface of both implantation groups (Fig. 3B-F) and extending into the scaffold along the longitudinally orientated microchannels for distances similar to those of reactive host astrocytes (arrows, Fig. 3E and F) . Neither reactive astrocytic profiles nor dendrites extended far into the newly formed, heavily DAPI-labelled lateral tissue bridge that developed around the implanted scaffold (arrows, Fig. 3C ). The structure of the implanted scaffold could still be seen when using phase contrast or dark field microscopy (Fig. 3D) , and several MAP-2-positive neuronal cell bodies and their dendritic profiles could clearly be seen lying at or close to the implant-host interface (asterisk, Fig. 3E and F) . Similarly, neuronal cell bodies and dendrites were also observed in and around the implanted naïve collagen scaffolds (data not shown).
Immunofluorescence revealed that substantial numbers of host NF200-positive axons had crossed the interface and extended into the OEC-seeded scaffold, following the longitudinal orientation of the microporous collagenous framework (Fig.  4) . The walls of the implanted scaffolds were richly coated with adherent cells and processes of p75/NGFr-positive donor OECs (Fig. 4B) . The lumen of the implanted micro-channels were often filled with migrating donor and host cells, however, in many instances only the scaffold walls appeared to be coated with cells and processes, leaving a cell-free fluid-filled lumen. In such situations, the width of the micropores could easily be determined (50 µm, Fig. 4C ). Numerous longitudinally orientated NF200-and GAP-43-positive profiles could be observed throughout the OEC-seeded scaffolds as well as along the newly formed, and densely cell populated, lateral tissue bridge (asterisk, Fig. 5A , B, and C). Close inspection of the profiles within the scaffold demonstrated the presence of NF200-positive axons that occasionally turned back on themselves, effectively making 180° "U-turns" (arrow, Fig. 5D and F) . Although comparison of GAP-43-and NF200-positive profiles suggested the presence of more GAP-43 immunoreactive structures in the scaffold, this was not quantitatively supported (compare Fig. 5D and E, but also see Fig. 9A and B) . Furthermore, no significant difference could be detected between experimental groups for the number of NF200-positive axons that penetrated the scaffolds (p> 0.05), although a clear trend for greater axonal growth in the OEC-seeded scaffolds was apparent when compared with the lesion-only and naïve scaffold groups (Fig. 9A) . Deep within the scaffold it appeared that, although NF200-positive profiles closely followed the GAP-43-positive OECs, some axons followed alternative routes, possibly following either GAP-43-negative cell processes or by making direct contact with the collagen walls of the scaffold (Fig. 5F) .
Implantation of naïve, non-seeded collagen scaffolds and OEC-seeded scaffolds both resulted in a statistically significant increase in the number of GAP-43-positive profiles located deep within the microporous collagen framework when compared to lesion-only samples (p<0.05 and p<0.01 respectively) (Fig.  5B, 5E , 6A, and 9A). GAP-43-positive cells and processes could also be seen along the lateral tissue bridge (arrows, Fig. 6A ). In both naïve/non-seeded and OEC-seeded implanted scaffold groups, the lateral tissue bridge was rich in DAPI-labelled migrating cells (Fig. 6C) , but was poorly penetrated by GFAP-positive astrocytic profiles (arrows, Fig 6B) . Immunofluorescence for the peripheral (Schwann-cell) related myelin (P0) was performed in an attempt to confirm the identity of some of the cells within the lateral tissue bridge. Many P0-positive profiles could be identified in the lateral tissue bridge of both the OEC- 
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seeded and naïve scaffolds, with no qualitative difference between the implant types, i.e., seeded or non-seeded (Fig. 7A-D for examples of P0 staining associated with OEC-seeded scaffolds). Despite the improved graft-host integration following the implantation of cell-seeded scaffolds, anterograde labelling of rubrospinal axons demonstrated the presence of rounded dystrophic end-bulbs close to the proximal implant-host interface (e.g., arrowed profiles close to naïve scaffold) (Fig. 8) . Few, if any, of the anterogradely labelled axons entered the lesion/ implantation site of any of the experimental animal groups.
Food pellet retrieval-staircase analysis
After a training period of 6 weeks, animals had become sufficiently experienced in retrieving of food pellets in the staircase device. Baseline values for the left forelimb showed no statistically significant differences between groups (i.e., lesiononly vs. naïve scaffold p>0.05, lesion-only vs. OEC-seeded p>0.05, and naïve scaffold vs. OEC-seeded p>0.05) (Fig. 10) .
After the left-sided lateral funiculotomy, all groups showed a statistically significant decrease of pellet retrieval with the left forelimb. By 3 weeks, the animal groups receiving implants of either non-seeded (naïve) or OEC-seeded scaffolds demonstrated early signs of improvement, but the values had not yet reached the level of statistical significance. By 6 weeks, however, improvement of pellet retrieval performance in both naïve and OEC-seeded scaffold groups demonstrated a statistically significant improvement over the values obtained from the lesion only group (each p<0.05) . Surprisingly, the values for the OEC-seeded scaffolds remained fairly constant between 6 and 12 weeks, whereas the naïve scaffold group continued to show slight improvement. By 12 weeks, a small improvement in the lesion-only group was also noted to the extent that the differences between lesion-only and OEC-seeded scaffold groups were no longer statistically significant (p>0.05), whereas the dif- ferences between lesion-only and the naïve scaffold groups remained statistically significant (p<0.01) (Fig. 10) . However, no statistically significant difference was observed between the groups receiving non-seeded/naïve and OEC-seeded scaffolds (p>0.05). At this 12 week end point for the experiment, the pellet retrieval of all experimental groups remained significantly below the pre-surgery, baseline values (lesion-only group p<0.05, naïve scaffold group p<0.05 and OEC-seeded scaffold group p<0.001).
DISCUSSION
The motor, sensory and autonomic deficits caused by traumatic SCI are largely due to the destruction of long distance ascending and descending nerve fibre pathways in the white matter tracts, as well as to damage to spinal neurons at the site of injury [1, 3] . Many of the projection neurons that contribute to damaged descending and ascending nerve fibre pathways survive axotomy, and much of their local circuitry, rostral and caudal to the lesion remains intact, such as the central pattern generator in experimental animals and in man [23] . Such observations have resulted in the design of strategies aimed at pro- moting functional repair by re-connecting severed nerve fibres to their original targets. This has been encouraged by the fact that only a small percentage (1-10%) of the original nerve fibre projection to a particular target is apparently required for the maintenance of useful motor and sensory function [24, 25] .
Much progress has been made in recent years in the identifi- cation of the multiple cellular and molecular mechanisms that play a key role in preventing successful tissue repair after CNS injury. Apart from injury-induced degeneration, the presence of growth-inhibitory molecules, reactive astrocytic-and connective tissue scarring, the formation of fluid-filled cystic cavities present as a substantial challenge to regenerative tissue repair [2, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] . A better understanding of such mechanisms has resulted in the development of a number of treatment strategies, many of which impart some degree of functional recovery in experimental animals and have been extended into clinical trials [7, 36] . It is widely acknowledged that the most effective future treatment strategies are likely to be combinations of a number of approaches. This has recently been highlighted by the work of Tabakow et al. [12] who have reported functional improvement following a combined intervention strategy. Part of that strategy involved the bridging of the large, lesion-induced . Functional performance, as assessed by food pellet retrieval of animal groups using the Montoya staircase device. Pre-operative baseline data revealed no statistically significant differences in left forelimb performance between all three experimental groups (each p>0.05). The functional performance of the lesion-only group remained low for the duration of the experiment, with only a small, statistically insignificant, increase of function demonstrated by 12 weeks after surgery. The first statistically significant indications of improved forelimb function occurred at 6 wps for both naïve and OEC-seeded scaffold implantation groups (p<0.05 for both groups in comparison to the lesion only group). Between 6-12 weeks the group receiving the implanted naïve scaffold showed continued improvement (maintaining significantly different from the lesion only group (p<0.01), whereas the OEC-seeded group appeared to have reached a plateau but was no longer statistically different from the control group (p>0.05). Values are given as mean±SEM. *p<0.05, **p<0.01, ***p<0.001. OEC: olfactory ensheathing cells. cystic cavity with multiple lengths of autografted peripheral nerve as well as the implantation of host olfactory bulb-derived ensheathing cells and fibroblasts [12] . Each of the surgical procedures that the patient underwent carried certain risks and were subject to limitations. For example, the bridging of the lesion with multiple lengths of peripheral nerve presents the added risks of infection as well as donor site morbidity. The replacement of the autografted peripheral nerves with suitably bioengineered growth-promoting scaffolds is an area of on-going research for the repair of peripheral nerve injuries [13, [37] [38] [39] [40] [41] , but would also apply to such combined strategies in the treatment of spinal cord injuries. The present investigation demonstrates the potential of bridging lesion-induced cavities of the spinal cord with functionalised bioengineered scaffolds. In our study, the seeding of the scaffolds with highly purified, syngeneic, OECs prior to implantation induced a tendency for improved implant-host integration with regenerating axons closely following the longitudinal orientation of the scaffold micro-channels. The fact that occasional NF200-positive axons demonstrated "U-turns" within the scaffold is not, in our opinion, an indication that the scaffold might hinder axonal growth. The highly porous and fenestrated nature of the scaffolds collagenous microstructure makes it feasible for seeded glial cells and/or regenerating axons to follow the longitudinally orientated walls of the scaffold. In earlier publications, highmagnification scanning electron microscopy of the scaffold clearly demonstrated that the longitudinally orientated pores were inter-connected via numerous fenestrations in the scaffold walls (Fig. 3A) [40] . It is highly likely that the surface (or contours) of such fenestrations may act as topographical cues that could lead associated glial cells and/or axons to double back on themselves, effectively performing a "U-turn". Such behaviour was only encountered occasionally, with the vast majority of glia and axons following the strict longitudinal orientation of the scaffolds micropores. The implanted non-seeded (naïve) scaffolds showed a trend for supporting fewer regenerating axon profiles in comparison to the cell-seeded scaffolds, but values failed to achieve a level of statistical significance.
The unilateral resection injury completely removed the leftside lateral funiculus, the extent of the injury being very similar to lateral funiculotomies performed in adult rats by others. Such lesions, performed at the C3-4 level have been reported to induce permanent functional deficits of the ipsilateral forelimb of adult rats and mice [15, 42, 43] . The resection sites showed variable changes, sometimes forming large, fluid-filled cavities, but more often being filled by migrating host cells. Earlier reports have demonstrated migration of diverse cells into the spinal cord lesion site, including monocytes and macrophages, ependymal cells, SC, endothelial cells and leptomeningeal fibroblasts [44] [45] [46] [47] [48] [49] [50] . The implanted scaffold was able to fill the lesion cavity and make close contact with the host tissues. The visco-elastic property of a prototype of the present scaffold was determined to be close to that mammalian spinal cord [19, 51, 52] and this matching of physical characteristics is likely to be important in preventing excessive degenerative changes at the implant-host interface. The presence of apparently healthy neuronal cell bodies lying adjacent to the implant interface and extending dendritic (and probably also axonal) profiles into the scaffold supports the importance of matching the physical characteristics of the implant and host. It is clear that the structural integrity of the implanted scaffold was maintained for the duration of the experiment and that it provided an orientated substrate for both donor and host cell and processes.
The orientated microstructured collagen scaffold has been demonstrated to be a suitable substrate for the adhesion and migration of either rodent and human glial cells, including OECs, SC, and astrocytes [19, 37, 40, 41] . Numerous efforts have been made to bridge CNS injuries with such cell types (either alone or in combination with scaffolds made from natural or synthetic materials) [53] [54] [55] [56] [57] [58] [59] [60] . The ability of such approaches to induce axon regeneration is likely to be due to a number of factors including donor cell expression of axon growth promoting factors, cell adhesion molecules and the quality of integration between the implant and host. In this respect, OECs have been regarded as a donor cell types with particularly attractive properties because they share characteristics of both SC and astrocytes [61, 62] , and transplanted cells have been suggested to be able to migrate from the site of injury into surrounding host tissues, supporting axonal growth between the two territories [8, [63] [64] [65] [66] [67] .
Not all implantation strategies, however, have been able to demonstrate OEC-induced axon regeneration and functional recovery, either as grafted cell suspensions or as cells associated with scaffolds [56, 58, 59, 68, 69] . The inability to promote rubrospinal axon regeneration by transplanted OECs, even in the presence of elevated cyclic adenosine monophosphate levels [56] was in stark contrast to the success reported by others following grafting of bond-derived neurotrophic factor (BDNF)-expressing fibroblasts [42] . Since others had reported an increased expression of growth factors (i.e., NGF, BDNF) by OECs when associated with 3D collagen scaffolds [69] , we decided to determine if OEC-seeded collagen scaffolds were capable of supporting increased axon regeneration (including that of lesioned rubrospinal axons) and enhanced tissue repair. The quantitative morphometric analyses indicated only a trend for increased axonal growth in the OEC-seeded scaffolds, and qualitatively, no support for rubrospinal axon regeneration. Anterograde BDA-labelling of the rubrospinal tract indicated that no rubrospinal fibres could be observed growing across or around the lesion/implantation site in any of the experimental groups. Labelled axons within the proximal dorsolateral funiculus ended in rounded, dystrophic retraction bulbs, indicative of frustrated or abortive axonal growth [70, 71] . Therefore, the improved functional recovery of the affected forelimb following implantation of naïve-or OEC-seeded scaffold was not due to regeneration of the rubrospinal tract.
It is likely that the inability to reach statistical significance for axonal growth into the OEC-seeded scaffolds was due to the reduced "N" (caused by the exclusion of a number of animals from each group). The implantation procedure itself plays a fundamental role in the final outcome of such investigations. Even minimal manipulation of the exposed spinal cord surfaces after lesioning can lead to iatrogenic scarring and fibrosis [72] . Possible complications caused by overlying soft tissue compression of the lesion area can also result in deleterious effects [50, 56] . Furthermore, it cannot be excluded that the relative small number of animals accepted for quantification was due to complications that were initiated by surgical errors. Alternatively, the inability to demonstrate any clear increase of axonal regeneration and functional recovery after implantation of the OEC-seeded scaffold could be due to the fact that only purified populations of NGFr-positive OECs were used. Although a number of groups have reported beneficial effects by transplanting purified OECs [63, 73] , others have claimed increased efficacy when implanting a mixture of OECs and their associated fibroblasts [66, 74, 75] . Indeed, it was recently suggested that the use of mixed OEC-fibroblast implants contributed to improved motor, sensory and autonomic parameters in a case report of functionally complete human SCI [12] .
The bridging of lesion-induced spinal cord cavities is currently an area of substantial research in regenerative medicine. Collagen-based scaffolds in combination with a number of growth promoting cell types or agents (e.g., OECs, soluble Nogoreceptor or chondroitinase ABC) have been implanted into models of thoracic SCI [50, 56, 76] . Some investigators reported neither beneficial-nor detrimental effects of implanting OECseeded collagen scaffolds [56] , whereas others reported a trend for a functional recovery, even when naïve, or non-seeded collagen scaffold were implanted [50, 76] . The present investigation of cervical SCI model demonstrated a trend for increased numbers of NF200-positive axons within the OEC-seeded scaffolds, but that both, naïve and cell-seeded scaffolds, improved functional recovery.
The newly formed and densely cellular lateral tissue bridge that could be detected between the lateral edge of the implanted scaffold (both, seeded, and non-seeded) and the medial edge of the dura mater was a region of axon regeneration, being rich in NF200-and GAP43-positive profiles. A lateral tissue bridge was never observed in control, lesion-only animals, thus, we conclude that implantation of a porous collagen scaffold (with-and without accompanying OECs) was capable of inducing long distance orientated axonal regeneration around the implants. The formation of such regenerative pathways around the implant, rather than through it, has also been reported by others: implantation of a non-cell seeded poly-β-hydroxybutyrate scaffold into an experimental model of SCI was observed to develop a similarly located region that was rich in migrating NGFrpositive SC and regenerating axons [77] . It has been suggested that the newly formed lateral tissue bridge that formed following implantation of naïve, non-seeded collagen scaffolds was also composed of numerous SC, probably migrating from local, damaged spinal nerve roots [15] . The present observation P0-positive myelin profiles being rich in this area also supports this notion. This would imply that some increase in axonal regeneration could be induced by scaffolds with a large, well-structured surface that allows the local SC to spread and align.
Ensheathment and myelination of CNS axons by SC has been reported to occur in a number of experimental and human tissues [78] . Furthermore, CNS axons associated with peripheral myelin have been shown to recover electrophysiological function [79] . Interestingly, there was relatively little P0-positive myelin detected within the scaffolds. It may be suggested that the internal scaffold environment (supported by donor OECs) was not myelinated while the superficial environment (supported by migrating host SC) was. A number of arguments have been raised in recent years to question the notion that donor OECs are able to form to peripheral myelin including the possibility of inadvertent SC contamination of the NGFr-positive OECs populations prior to transplantation, and the possibility of transplanted OECs attracting host SC to the lesion site. However, the use of donor cell labelling techniques has provided incontrovertible proof of the formation of peripheral myelin by OECs transplanted into spinal cord lesions (see [80] for a more detailed discussion). The absence of any labelling of donor OECs prior to implantation in the present investigation prevents any definitive comment being made on the cellular source of the P0-myelin detected in the lateral tissue bridge.
The present data demonstrated that the implantation of naïve, non-seeded and OEC-seeded scaffolds induced improvements in skilled ipsilateral forelimb function that could not readily be explained by the induction of axon regeneration. Certainly, both types of scaffolds (i.e., naïve and cell-seeded) caused a reduction in the amount of detectable astroglial scarring, as indicated by the morphometric analyses. This could be interpreted as a possible indicator of improved graft/implanthost integration as described by others [15, 58] . Other mecha-nism of graft/implant mediated improvement in the absence of clear axon regeneration have included compensatory sprouting of alternative, non-severed pathways, or of the severed pathway proximal to the injury site, as well as synaptic reorganisation of intact projections [58, 81, 82] . Furthermore, it has been suggested that such implants could support synapse formation within the scaffold itself [83] . The presence of both axons and dendrites within the scaffold might support this notion, however, definitive proof of such interactions is still lacking. Furthermore, the presence of NeuN-positive neurons close to implantation site supports the notion that implanted biomaterials may reduce degeneration and cyst cavity formation as reported previously [83] . This seems to be a common theme supported by the implantation of agar-, methacrylate and alginate-based scaffolds [84] [85] [86] [87] . The reduction of tissue degeneration and cystic cavity formation brought about by biomaterial implantation has been suggested to be mediated by anti-inflammatory effects [88] .
